Background. In Australia, high uptake of the quadrivalent human papillomavirus (4vHPV) vaccine has led to reductions in the prevalence of human papillomavirus (HPV) genotypes 6, 11, 16, and 18 in women and girls aged ≤25 years. We evaluated the impact of the program impact on HPV prevalence in unvaccinated male subjects.
Human papillomavirus (HPV) vaccination programs have been implemented among adolescent girls and young women in an increasing number of countries using the highly effective prophylactic quadrivalent and/or bivalent HPV vaccines [1] . Both vaccines protect against infection with HPV genotypes 16 and 18, which cause 70%-80% of cervical cancers globally [2, 3] , as well as 70% of vaginal cancers, 43% of vulvar cancers, 50% of penile cancers, 88% of anal cancers, and 13%-56% of cancers of the base of tongue and oropharynx [4] . The quadrivalent HPV (4vHPV) vaccine also protects against infection with 2 additional HPV genotypes-6 and 11-that cause 85%-95% of anogenital warts [5] .
In Australia, between 2007 and 2009, all girls and women aged 12-26 years were offered free vaccination using a 3-dose course of the 4vHPV vaccine. The program was delivered through schools for girls aged 12-18 years, and through community providers for women up to the age of 26 years. From 2010 the program continued for 12-13-year-old girls, and in 2013, it was extended to include 12-13-year-old boys with a 2-year catch-up for those aged 14-15 years [6, 7] . A National HPV Vaccination Program Register (NHVPR) was established to monitor vaccine coverage and to support the management and evaluation of the program [8] . In 2013, data from the NHVPR showed that 86% of adolescent girls and 78% of boys aged 12-13 years received ≥1 vaccine dose, with 77% and 67%, respectively, receiving all 3 doses [9, 10] .
Surveillance data from several countries have provided growing evidence for the population-level benefits of HPV vaccination in young women, both direct, and through herd protection of those who remain unvaccinated. These benefits include rapid and substantial reductions in the prevalence of 4vHPV genotypes (HPV-6/11/16/18) and diagnoses of genital warts [7, [10] [11] [12] [13] . The demonstrated benefit for young unvaccinated women is likely to be attributable to reductions in the risk of HPV acquisition and hence prevalence among their male sexual partners. Indeed, significant decreases in genital wart diagnoses have been observed in young Australian heterosexual men [9, 14] .
A recent study from a single clinic of stored specimens (mostly [97%] urine specimens) collected between 2004 and 2015, from Australian-born men with chlamydia aged <25 years, reported a significant fall in 4vHPV genotypes after the introduction of female vaccination, suggesting herd protection [15] . To further investigate the evidence for male herd protection through the female vaccination program, we estimated the age-specific prevalence of penile HPV genotypes among 16-35-year-old unvaccinated heterosexual male subjects recruited through a network of clinic and community based settings across Australia.
METHODS

Study Population
Participants in this study were years recruited from 2 national cross-sectional HPV prevalence studies conducted between January 2014 and May 2016: the National HPV Monitoring Program (IMPACT) and the Impact of HPV Vaccination Research Study (IMPRESS). IMPACT is an ongoing HPV surveillance system that has established a national network of sentinel sites to monitor circulating HPV genotypes in the Australian population and is aimed at evaluating the effectiveness of the National HPV Vaccination Program. Heterosexual male subjects aged 16-35 years were recruited for HPV testing at 10 participating sites, including 7 sexual health services in Melbourne, Adelaide, Hobart, Cairns, Fremantle, and Sydney and 4 general practice clinics in Melbourne and regional Victoria. In addition, participants were recruited outside the clinic setting through Facebook, using strategies developed for the Vaccine Against Cervical Cancer Impact and Effectiveness (VACCINE) Study, as described elsewhere [16, 17] .
IMPRESS is a study of 17-19-year-old heterosexual male subjects recruited from the 7 aforementioned sexual health clinics and through advertisements placed on notice boards at a university and family planning clinic in Melbourne. This study aimed to determine the impact of male HPV vaccination on the prevalence of penile HPV in teenage male subjects.
Subjects were eligible for either study if they reported sex with ≥1 woman during their lifetime. To obtain samples that reflected local prevalence and not that seen in international travelers or recent migrants, inclusion was limited to Australian citizens or men resident in Australia from age 12 years or younger. Participants were excluded if they were unable to provide informed consent or if they reported ever having sex with a man. Ethical approval for this study was granted from 8 human research and ethics committees governing recruitment sites and Facebook, and all participants provided written informed consent.
Procedures
Subjects completed a brief questionnaire on their sociodemographic characteristics, smoking status, age at first sexual intercourse, number of female sexual partners (lifetime and in the previous 12 months), and whether or not they had received HPV vaccination. They were instructed by the research assistant to self-collect a sample for HPV using a moistened flocked swab that was firmly rubbed over the entire surface of the penile shaft, coronal sulcus, glans penis, and if present, the retracted prepuce. Men were also provided with illustrated step-by-step instructions. Sampling of the penile shaft, the glans, and coronal sulcus has been reported to provide the highest detection rates for assessing HPV status because of direct contact with the female genital tract [18] . Furthermore, genital self-sampling methods have been shown to be comparable to sampling by clinicians with respect to specimen adequacy and HPV detection [19, 20] .
Written consent was obtained to validate self-reported HPV vaccination status through the NHVPR, which is required to collect individual records on all HPV vaccination doses delivered through schools and primary care in Australia. Participants were classified as being unvaccinated if they reported not receiving the vaccine and if the NHVPR had no record of any HPV vaccine dose being administered. If participants reported receiving the vaccine but had no NHVPR record, registry staff contacted the healthcare provider identified by the participant to ascertain the number of doses and date of vaccination. Participants were excluded if the register was unable to confirm receipt of the vaccine with the provider.
HPV Testing
All samples underwent HPV DNA detection and genotyping at the HPV Regional Labnet, located at the Molecular Microbiology Department, Royal Women's Hospital, Melbourne, Australia. Swab samples were first vigorously agitated in 500 µL of phosphate-buffered saline to release the cellular material. Initially, as an in-house modification, a 100-µL aliquot was added to 1 mL of PreservCyt solution (Hologic) and screened for the presence of 14 high-risk HPV genotypes using the Cobas HPV test (Roche Diagnostics). Concurrently, DNA was extracted from a 200-µL aliquot of the original cell suspension (MagNA Pure 96 DNA and Viral Nucleic Acid Small Volume Kit, Pathogen Universal 200 protocol; Roche Molecular Diagnostics) and eluted in 100 µL.
Extracted DNA was assessed for adequacy by quantitative polymerase chain reaction (PCR) amplification of a 260-base pair segment of the human β-globin gene [21] , and a 110-base pair segment to improve detection from keratinized cells, which may contain degraded DNA [22] . DNA extracts from samples negative with the Cobas test were screened for the presence of mucosal HPV DNA by PCR amplification using L1 consensus primer set PGMY09-PGMY11, followed by detection with enzyme-linked immunosorbent assay using a set of biotin-labeled probes [23, 24] . Samples positive for HPV by either screening test were subsequently genotyped using the Linear Array HPV genotyping test (Roche Molecular Diagnostics). Owing to possible cross-reactivity of the HPV-52 probe with types 33, 35, and 58 amplicons, samples positive for ≥1 of these 3 probes were further tested for HPV-52 using a type-specific PCR assay [25] .
Statistical Analyses
For men who consented to NHVPR verification and had no evidence of vaccination, HPV prevalence estimates and 95% confidence intervals (CIs) in each of 4 age groups (16) (17) (18) (19) (20) [26] . To assess the potential herd effect of female vaccination on penile HPV detection, we compared HPV prevalence between male subjects aged 16-25 and those aged 26-35 years, because (1) population surveys have shown Australian men and their female sexual partners to be of similar age [27, 28] and (2) the low prevalence of vaccine-targeted HPV genotypes in Australian women aged ≤25 years reported in several studies [12, 14, 17] , consistent with the higher vaccine coverage achieved in this age group compared with older women [29] .
Crude and adjusted prevalence ratios and 95% CIs for each HPV genotype group were calculated to compare prevalence rates between men aged ≤25 years and those aged >25 years. Prevalence ratios were adjusted for source of recruitment; country of birth; education; socioeconomic status (upper or lower 50th centile, based on the Australian Bureau of Statistics Index of Relative Socioeconomic Disadvantage for each individual's residential postal code [12] ), residential area (major city or other, based on the Accessibility/Remoteness Index of Australia classification [12] ), smoking status, age at first vaginal sex, number of lifetime female partners, and female partners in the previous 12 months. We used χ 2 tests to examine associations between age group and sociodemographic and behavioral characteristics. All estimates and 95% CIs were calculated using Poisson regression with robust variance [30] . Statistical significance was tested at the P < .05 level. Analyses were conducted using Stata software, version 14.1 (StataCorp).
RESULTS
From January 2014 to May 2016, a total of 653 men were recruited, including 449 (68.7%) recruited through the IMPACT study and 204 (31.3%) through IMPRESS. Data on 142 men were excluded from further analysis because of nonconsent to access the NHVPR (n = 33); documented receipt of ≥1 HPV vaccine dose (n = 16), or penile sample negative for human β-globin and therefore inadequate for HPV testing (n = 93). The demographic and sexual behavioral characteristics among the remaining 511 unvaccinated heterosexual men are presented in Table 1 . The median age of men included in this study was 23 years (interquartile range, 20-28 years). Overall, 68.7% of men were recruited from sexual health clinics, 42.1% were aged ≤16 years at first vaginal sex, and 66.9% reported ≥2 female sexual partners in the previous 12 months ( Table 1) .
The prevalence of penile HPV genotypes stratified by age group (16-20, 21-25, 26-30, or 31-35 years) are shown in Table 2 and illustrated in Figure 1 . The combined prevalence of 4vHPV-targeted genotypes was low, at 2.7% and 3.7%, By contrast, the prevalence of high-risk HPV genotypes other than HPV-16/18 did not change with increasing age group (P trend = .77). There was no significant trend across age groups in the prevalence of any HPV genotype (P trend = .11) or in the prevalence of additional HPV genotypes that a 9vHPV vaccine would provide protection against (P trend = .50). Compared with men aged >25 years, those aged ≤25 years were less likely to be Australian born (P < .001), less likely to be tertiary educated (P < .001), more likely to report younger age at first vaginal sex (P = .048), and reported fewer female sexual partners in their lifetime (P < .001). Men in each age group were similar with respect to source of recruitment, area of residency, socioeconomic status, smoking, and number of female partners in the previous 12 months.
Crude and adjusted prevalence ratios for penile HPV genotypes, adjusted for source of recruitment, country of birth, education, lifetime female partners, and age at first vaginal sex, are presented in Table 3 . The combined prevalence of 4vHPV-targeted genotypes was significantly lower in men aged ≤25 years than in those aged >25 years (3.1% vs 13.7%, respectively; P < .001), with an adjusted prevalence ratio of 0.22 (95% CI, .09-.51; P < .001). The adjusted prevalence ratios were 0.14 (95% CI, .04-.62; P = .009) for low-risk HPV genotypes 6 and 11, and 0.29 (95% CI, .11-.74; P = .009) for high-risk HPV genotypes 16 and 18 when these categories were examined separately. By contrast, the prevalence of high risk-HPV genotypes other than HPV-16/18 did not change with increasing age (P = .76), with an adjusted prevalence ratio of 0.98 (95% CI, .57-1.37; P = .58). Finally, the adjusted prevalence ratios for any HPV and for additional HPV genotypes that the 9vHPV vaccine would provide protection against were 0.79 (95% CI, .57-1.10; P = .16) and 2.09 (95% CI, .99-4.45; P = .054), respectively. Finally, we examined the distribution of genotypes among HPV-positive men only, under the assumption that even if the absolute prevalence changed by age group owing to changes in sexual activity, the distribution of types among HPV-positive men should not. Similar patterns to that seen in the overall study population were observed (Supplementary Figure 1 and Table 1 ).
DISCUSSION
This is the first study to our knowledge to investigate herd protection by comparing prevalence of HPV in younger unvaccinated men, who are likely to have received the greatest benefit from vaccination of women in their age cohort, with that of older men, whose female partners are less likely to have been vaccinated. We found the prevalence of penile HPV genotypes targeted by the 4vHPV vaccine (HPV-6/11/16/18) was very low (3%) among male subjects aged ≤25 years, 78% lower than that among those aged >25 years (14%). By contrast, there was no difference in the prevalence of other high-risk HPV genotypes not targeted by the vaccine.
These differences in HPV prevalence could not be explained by differences in other characteristics that might influence rates of HPV infection. Given the absence of a difference in the prevalence for nonvaccine genotypes, the most likely explanation is the herd effect of HPV vaccination of girls and women. Our study is the first to provide evidence from multiple sites, suggesting that herd protection of men by female HPV vaccination has occurred across Australia. With the introduction of male vaccination, and with cohorts of vaccinated women now covering an increased age range, our study also provides baseline data for ongoing monitoring of the impact of the National HPV Vaccination Program on HPV infection in men.
Australia has relatively high HPV vaccine coverage of women, with 74% coverage for 1 dose and 55% for 3 doses among 18-26-year-old women in 2011 [31] . Previous Australian sentinel surveillance data have shown that this vaccine coverage was sufficient to reduce the combined prevalence of 4vHPV-targeted genotypes by 78% in the overall study population and 95% among fully vaccinated women [12] . In the same study, reductions in prevalence of 75% and 35% were found in partially vaccinated and unvaccinated women, respectively [12] . The 78% lower combined prevalence of the vaccine-targeted HPV genotypes among younger men in this study suggests that reductions in HPV prevalence in unvaccinated men may be of a similar magnitude to the reductions achieved in women.
No comparison data are available on the age-specific prevalence of HPV among men in Australia before the implementation of the female vaccination program. One hypothetical explanation for the higher prevalence of vaccine-targeted HPV genotypes in older men observed in our study is that HPV clears more slowly with increasing age. However, data from a large prospective study of genital HPV natural history suggest this is unlikely to be the case [32] . Moreover, the relatively flat age-specific prevalence curves observed in our study for HPV genotypes not targeted by the vaccine are consistent with patterns of HPV by age, reported in multiple studies of the epidemiology of genital HPV infection in heterosexual men [33, 34] .
A number of factors should be considered when interpreting the results from this study. First, we excluded 15% of participants with penile swab samples that were inadequate for HPV testing [19, 20] . This rate of unassessable samples was higher than previously reported [19] and probably represents inadequate self-sampling by some participants. Nevertheless, these men did not differ from those included in this study with respect to demographic or HPV risk factors. Furthermore, the proportions of younger versus older men with penile samples inadequate for HPV testing did not differ (15% vs 16%, respectively; P = .78). Second, our estimate of the extent of herd protection, which is based on a cross-sectional comparison of HPV prevalence across age groups, is likely to underestimate the true magnitude of benefit to men from herd effects [35] . This is because men in the older group are also likely to have already benefited from herd protection. An estimated 55% of 18-26-year-old women, corresponding to those aged 26-34 years in 2015, received ≥1 dose of the HPV vaccine in Australia's 2007-2009 catch up program, with an estimated 32% receiving all 3 doses [29] . Third, whereas men were recruited from diverse sources, most were sourced from sexual health clinics, which may have biased sampling toward higher-risk men and therefore a higher prevalence of HPV infection. Nevertheless, even if absolute prevalence rates are not generalizable to all Australian heterosexual men, the comparison between age-specific prevalence may well be. Finally, the results may not be generalizable to countries where female vaccine uptake is lower or among subgroups such as men who have sex with men [36, 37] .
There is ongoing global debate as to whether boys should be included in national HPV vaccination programs. At the time of this study only a handful of countries (Australia, Austria, Israel, the United States, and 6 provinces of Canada) had implemented male HPV vaccination programs in addition to existing female vaccination programs. Cost-effectiveness studies have been conducted to help determine whether any further health benefits would be obtained from the addition of male HPV vaccination [38] . However, these have been based on mathematical modeling without actual male prevalence data such as those presented in this study. The World Health Organization recommends the establishment of sentinel surveillance to monitor the impact of HPV vaccination programs on HPV prevalence [39] . With the introduction of male vaccination in Australia, ongoing surveillance of HPV prevalence with linkage to the national vaccine register will allow monitoring of the impact of HPV vaccination over time, informing whether routine vaccination of boys will result in any benefits over and above those that have already been achieved through the existing female vaccination program.
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